Poly(acrylonitrile) films were deposited electrochemically onto vitreous carbon electrodes from air-saturated acrylonitrile. Electrodeposition on gold was investigated with the use of an electrochemical quartz crystal microbalance 15 (EQCM). It was found that the onset of deposition coincided with the reduction of dissolved oxygen at the electrode surface, indicating that the polymerisation reaction is initiated by the nucleophilic superoxide anion. The chemical composition of the film was confirmed by Raman spectroscopy. Such electrodeposited polymer films may have applications as polymer electrolytes 20 for 3D microbattery applications.
Introduction
The current expansion in the demand for energy storage devices has created a 30 need for batteries and supercapacitors of arbitrary shape and the ability to place the device in otherwise unused space. There is also much interest in increasing the volumetric power density of storage devices by depositing the cell laminate, layer by layer, on a porous substrate of high internal area, thereby reducing the distance that ions have to travel between the electrodes during discharge. A key 35 technology that is required here is the conformal deposition of a pinhole-free polymer electrolyte.
In this work, electrodeposition was investigated as a method of depositing the electrolyte as a critical step in the fabrication of a 3D microbattery (depicted in 40 Fig. 1 ) by successive deposition of base electrode (e.g. anode of a lithium ion battery), electrolyte and top electrode (e.g. cathode) layers as described in the recent review by Roberts et al. [1] . The electrolyte in this case an inert polymer that is permeable to, and swelled with an organic electrolyte solution. The aim of the present study was to demonstrate the feasibility of depositing a suitable 45 polymer onto an electronically conducting substrate as a uniform layer up to a few micrometers in thickness. The precursor monomer was contained in the electrolyte, and the substrate was used as the negative electrode as in a standard electroplating process where the thickness is controlled according to the amount of charge passed through a cell. The principle of the method, however, cannot 50 be regarded as the normal faradaic electroplating process because the electrically insulating product would limit the growth to a few monolayers. Instead, the principle of electropolymerisation was used, as developed by several groups [2, 3] . 55 It is generally recognised that the O 2 /O 2 .-redox couple is quasi-reversible in aprotic solvents such as acetonitrile, where the superoxide radical anion has a half-life of approximately 40 minutes at room temperature in the presence of tetraalkylammonium cations [4] [5] [6] . O2/O2
.-is a moderately strong nucleophile which reacts with sufficiently active Michael acceptors (e.g., vinyl groups with 60 an electron-withdrawing substituent, such as acrylonitrile). Indeed, the use of electrogenerated superoxide as a nucleophile in organic synthesis is reported in the literature [7] , as is the use of KO2 as an initiator for the polymerisation of a range of vinyl monomers [8] .
The electrochemical quartz crystal microbalance (EQCM) is a useful tool for monitoring the deposition of a thin film at an electrode surface, where apparent mass changes [9] [10] [11] at the electrode can be recorded in situ and correlated with the electrochemical response. Such measurements can also determine the current efficiency by measuring the ratio of mass deposited at the electrode to 70 the total charge passed. Similar studies on the electrografting (i.e., covalent attachment of a polymer to a surface) of acrylonitrile and methacrylonitrile have previously been reported in the literature [12, 13] .
Experimental
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Acrylonitrile (AN, Aldrich) was distilled over CaH2 prior to use. Tetrabutylammonium perchlorate (TBAP, Aldrich) was dried at 120 °C under vacuum overnight prior to use. Electrodeposition experiments were performed using a versatile multichannel potentiostat (VMP2, Princeton Applied Research 80 -Bio-Logic Science Instruments). The reference electrodes were prepared by dipping a silver wire into a solution of 10 mM AgNO3 or AgClO4 and 50 mM TBAP in ACN, and were connected to the cell via a glass frit.
Poly(acrylonitrile) (PAN) was deposited by cyclic voltammetry from air-85 saturated acrylonitrile containing 50 mM TBAP as supporting electrolyte over 5 cycles between -0.5 V and -3.0 V vs Ag/AgNO3 at a scan rate of 50 mV s -1 . The working electrodes used were 3 mm diameter glassy carbon and Pt gauze was used as the counter electrode. Raman spectra were recorded using a Renishaw Raman 2000 system with a 633 nm HeNe laser at 2.2 mW, using two 30 s 90 accumulations, recorded in extended mode. The spot size was 5 µm (×50 objective).
EQCM experiments were carried out using a µAutolab type III potentiostat interfaced with a QCM200 quartz crystal microbalance system (Stanford 95 Research Systems). PAN was deposited onto the 1.37 cm 2 gold working electrode of a 1 inch diameter, 5 MHz AT-cut quartz crystal substrate (Stanford Research Systems). The electrochemical substrate was set up in a standard three-electrode configuration with a Ag/AgClO 4 reference electrode and a Pt gauze counter electrode. corresponding to the reduction of oxygen to superoxide. This peak rapidly decays to zero current, indicating passivation of the electrode. Negligible current is passed on the reverse scan or any subsequent cycles, and no other reduction processes are observed. This is in contrast to the electrochemistry of the same system in the absence of oxygen, where the reduction of acrylonitrile 110 itself close to -3.0 V vs Ag/AgNO3 is observed, as described in the literature [3] .
After removing the electrode from the solution, a white film is clearly visible on the electrode surface. On heating to ~ 150 °C, the film softens and becomes transparent (Tg for amorphous PAN is ~85 °C [14] ). The Raman spectrum for 115 this film is given in Fig 3 and shows peaks at 2940 (alkyl C-H) and 2244 cm -1 (C≡N), consistent with the formation of PAN as expected from a vinyl polymerization of the given monomer. Smaller peaks at lower wavenumbers are likely to be due to impurities; for example, the peak at 1450 cm -1 is consistent with a fused ring structure formed from a polymerisation of the nitrile groups as 120 a consequence of an anionic polymerisation mechanism [15] .
A probable reaction mechanism for the electropolymerisation is suggested in Fig. 4 , starting with a highly reactive radical product of nucleophilic addition of superoxide to acrylonitrile which initiates the polymerisation, in a similar 125 mechanism to that previously established in the literature for the electropolymerisation of acrylonitrile; i.e., where radicals and/or radical anions at a high concentration near the electrode surface dimerise, and the polymerisation reaction then proceeds primarily through an anionic mechanism [16] . 130 Films deposited on glassy carbon were imaged using an optical profilometer. Fig. 5 shows a 3D reconstruction of the surface of a PAN film deposited under the conditions already described. The images show a cracked surface, probably as a result of solvent drying following the deposition. From the 3D 135 reconstruction, we can estimate the depth of the cracks as approximately 5 µm. The film thickness was determined by scratching the film to expose the glassy carbon surface, revealing a film thickness of approximately 20 µm. The average areal roughness for non-cracked regions in the sample was found to range from 200 nm to 400 nm, indicating a relatively uniform deposition.
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Fig . 6 shows the cyclic voltammetry and the apparent mass change as measured by the EQCM for the first cycle of the deposition at a gold disc electrode. The frequency change output by the EQCM has been converted to an apparent mass change according to Sauerbrey's equation [17] using a conversion factor of 56.6
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Hz µg -1 cm 2 for the crystals used in this experiment, assuming that the deposit is a uniform, rigid mass. Of course, the deposit is neither truly uniform nor is it expected to be rigid, so the true mass will differ from the values calculated here. However, such values can still serve as a useful estimate.
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The voltammetry on gold as shown in Fig. 6 is more complex than the previous voltammetry on glassy carbon shown in Fig. 2 . In particular, the peak at -0.8 V vs Ag/AgClO4 is of unknown origin but may be related to trace water in the electrolyte. However, the most prominent feature of the voltammogram is still the large reduction peak at -1.6 V vs Ag/AgClO4 which corresponds to the 155 reduction of oxygen to superoxide. The reduction peak coincides with a sharp decrease in the quartz crystal resonant frequency, indicating precipitation of the polymer on the electrode surface. Furthermore, this confirms that the polymerisation reaction is initiated by the generation of superoxide. The mass of the polymer increases gradually through the rest of the cycle, with the rate of 160 increase in mass slowing as the production of O2 .-ceases. At the end of the first cycle, the mass of the polymer on the electrode surface is given by Sauerbrey's equation as 169 µg cm -2 . Assuming a density of the order of 1 g cm -3 , we can estimate a film thickness in the range 1-2 µm. 165 Because cyclic voltammetry imposes a linear change in potential with time, the rate of film growth, expressed as the derivative of mass with respect to time, as shown in Fig. 7 , is proportional to the derivative with respect to potential. The plot of d(Δm)/dt has been smoothed using an adjacent averaging algorithm in order to reduce the large amount of noise as a result of noise in the original data. 170 From Fig. 7 , it can be seen that there is negligible mass change before the peak at -1.6 V vs Ag/AgClO4, where there is a sharp peak in the rate of change of mass. There is a delay between the start of the oxygen reduction peak in the voltammetry at -1.13 V vs Ag/AgClO4 and the onset of deposition at -1.43 V vs Ag/AgClO4. At 50 mV s -1 , this delay is equivalent to six seconds, and could be 175 interpreted as a nucleation step, where oligomers are formed in solution and aggregate before deposition at the electrode surface. The coincidence of the voltammetric peak and the peak in the rate of change of mass after -1.43 V vs Ag/AgClO4 indicates a good correlation between the rate of change of mass and the rate of formation of superoxide. The latter is in turn determined by the 180 applied potential before the peak and by the rate of oxygen diffusion from the solution (air-saturated at ~ 1 mM) after the peak, when diffusion is slowed down by the deposited film. Accordingly, this indicates that electrochemistry can provide a level of control over film thickness.
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There is a further increase in the rate of change of mass peaking at approximately -2.5 V vs Ag/AgClO4; that is, occurring at the potential at which reduction of acrylonitrile would be expected to be observed. Indeed, it is the reduction of the vinyl group to form the radical anion which is the accepted mechanism for the electropolymerisation of vinyl monomers in aprotic 190 solvents [3, 16] . The increase in the rate of deposition between -2.7 and -3.0 V vs Ag/AgClO4 and the simultaneous decrease of current indicates passivation of the electrode surface. On the reverse scan, the flat profile of the rate of mass change curve in the region between -2.5 V and -1.75 V vs Ag/AgClO4 indicates a constant rate of deposition.
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The QCM is able to follow three voltammetric cycles before the mass change becomes too large and the crystal essentially saturates. The charge passed and the apparent mass change over these three cycles is shown in Fig. 8 
Conclusions
The superoxide anion, generated in situ by reduction of dissolved oxygen, was found to initiate the electrodeposition of poly(acrylonitrile) from pure 235 acrylonitrile, which can also act as a solvent during the polymerisation. This method is particularly suitable for coating a battery electrode material because it employs milder electrode potentials than required for direct reduction of the monomer (-2.5 V vs. Ag/AgClO4, which is equivalent to about 0.5 V vs. Li, at which potential transition metal oxide cathode materials are reduced to the 240 metals in the presence of lithium ions). The method was found to rapidly deposit uniform thin films characteristic of poly(acrylonitrile), as characterised by Raman spectroscopy and optical profilometry. EQCM revealed evidence of self-limiting growth and a good correlation between the rate of deposition and the passage of voltammetric current, indicating control over the 245 electrodeposition, despite a non-faradaic reaction with faradaic yields in excess of 70 monomer units per Faraday,
